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Abstract.
We report on a deep XMM-Newton EPIC observation of the globular cluster Omega Cen performed on August
13th, 2001. We have detected 11 and 27 faint X-ray sources in the core and half mass radii, searching down to a
luminosity of 1.3 ×1031 ergs s−1 in the 0.5-5 keV range. Most sources have bolometric X-ray luminosities between
∼ 1031−1032ergs s−1. We present the color-color and hardness-intensity diagrams of the source sample, as well as
high-quality EPIC spectra of the brightest objects of the field; including the two candidate Cataclysmic Variables
(CVs) in the core and the quiescent neutron star low-mass X-ray binary candidate. The spectra of the latter objects
fully support their previous classification. We show that the bulk of sources are hard and spectrally similar to
CVs. The lack of soft faint sources might be related to the absence of millisecond pulsars in the cluster. The
XMM-Newton observations reveal the presence of an excess of sources well outside the core of the cluster where
several RS CVn binaries have already been found. We have also analyzed a publicly available Chandra ACIS-I
observation performed on January 24-25th, 2000, to improve the XMM-Newton source positions and to search for
source intensity variations between the two data sets. 63 XMM-Newton sources have a Chandra counterpart, and
15 sources within the half-mass radius have shown time variability. Overall, the general properties of the faint
X-ray sources in ω Cen suggest that they are predominantly CVs and active binaries (RS CVn or BY Dra).
Key words. globular clusters : individuals (Omega Centauri) – X-ray : binaries – Stars : neutron – Novae, cata-
clysmic variables – binaries : general
1. Introduction
Omega Centauri (NGC 5139, ω Cen) is one of the best
studied objects of our galaxy. It is the most massive glob-
ular cluster (5.1 ×106 M⊙, Meylan et al. 1995). It is char-
acterized by large core and half mass radii (154.88 ′′ and
250.8 ′′ respectively, Harris 1996). Binaries are expected
to be present in ω Cen either as a result of the evolution of
primordial binaries, or through close encounters between
stars in the cluster (Di Stefano & Rappaport 1992, 1994;
Davies & Benz 1995; Verbunt 2002a). Binaries such as
CVs, low mass X-ray binaries either with a neutron star
or a black hole, or active X-ray binaries (RS CVn or BY
Dra systems), millisecond pulsars could thus form. Some
of these binaries have already been found as faint X-ray
sources in ω Cen (Verbunt 2001).
Faint X-ray sources were first detected in ω Cen by
the EINSTEIN X-ray satellite. EINSTEIN detected 5
faint point sources (one in the core, Hertz & Grindlay
1983) and a possible extended emission region, within the
half mass radius (Hartwick et al. 1982). A decade af-
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ter EINSTEIN, ROSAT detected 22 faint sources in the
line of sight of ω Cen (Johnston et al. 1994; Verbunt
& Johnston 2000). ROSAT confirmed the EINSTEIN
sources, and resolved the core source into three compo-
nents (Verbunt & Johnston 2000). However, ROSAT did
not find any evidence for the diffuse emission seen by
EINSTEIN (Johnston et al. 1994).
More recently, Chandra observed ω Cen and detected
over 140 faint X-ray sources (Cool et al. 2002). From
follow-up observations using the accurate Chandra posi-
tions, Cool et al. (2002) claimed that there were at least
three classes of binaries present in the detected sample.
Two of the three ROSAT core sources (ROSAT R9a and
R9b) may be CVs (Carson et al. 2000). The third ROSAT
core source (R20, Verbunt & Johnston 2000) was asso-
ciated with a main sequence optical counterpart, showing
weak Hα emission, suggesting a BY Dra system rather
than a CV. In addition, two more Chandra core sources
were detected with HST/WFPC2, with properties match-
ing those of RS CVn or active-corona binaries (Cool et al.
2002). Finally, Cool et al. (2002) found the X-ray coun-
terparts of two variable binaries discovered far out from
the cluster center by Kaluzny et al. (1996). Based on their
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light curve properties, these two systems are proposed to
be RS CVn binaries (Kaluzny et al. 1996, 2002). Beside
these three classes of binaries, by looking at the spectral
characteristics of the Chandra sources, Rutledge et al.
(2002) noticed that one relatively bright object had an
extremely soft X-ray spectrum. This spectrum was found
to be consistent with those observed from field quiescent
neutron star binaries (Rutledge et al. 2002). X-rays would
then come from the neutron star surface maintained at a
high temperature by episodic mass accretion from a binary
companion. In total, up to four different types of binaries
may have already been found in the cluster.
We have initiated a survey of nearby globular clusters
with XMM-Newton (M22, Webb et al. 2002a, M13, NGC
6366, Gendre et al., in preparation and ω Cen). Because of
the limited angular resolution of XMM-Newton, we have
selected nearby clusters with large core radii. Taking ad-
vantage of the large collecting area of XMM-Newton (∼ 6
times that of Chandra), we wish to obtain the best possi-
ble spectral and timing information for the widest possible
sample of faint X-ray sources.
In this paper, we present the first results of our deep
XMM-Newton observation of ω Cen. We describe the gen-
eral properties of the population of faint X-ray sources de-
tected in the cluster (section 2). Using the publicly avail-
able Chandra observation, we have correlated the XMM-
Newton and Chandra data (sections 3 and 4) to improve
the XMM-Newton positions and search for intensity vari-
ations between the two data sets (section 5). We also
present the spectra of the brightest objects in the field,
with the emphasis on those for which an identification al-
ready exists (section 6). We briefly discuss the implications
of our findings in section 7.
2. General properties of the faint X-ray sources in
Omega Cen
2.1. The XMM-Newton observation
We observed ω Cen on 2001 August 13 with the XMM-
Newton EPIC MOS (Turner et al. 2001) and PN (Stru¨der
et al. 2001) cameras, using a full frame window mode and
a medium filter. The observation was 40 kilosecond long
with a low and stable background. The data were ana-
lyzed with the latest version (5.3.3) of the XMM-Newton
Science Analysis Software (SAS). We used the calibration
chains of the EPIC cameras, emchain and epchain, using
the embadpixfind task to flag bad pixels and bad columns.
We filtered the event files produced for good time inter-
vals and non astrophysical events (electronic noise, cosmic
rays). We used the predefined patterns, keeping only pat-
terns 0-12 for the MOS detectors and patterns 0-4 for the
PN, and we rejected all the events flagged as ’bad’ by the
calibration chains. Finally, we also rejected events with
energies below 0.4 keV and above 10 keV, because of a
high number of bad patterns.
2.2. Source detection
Sources were searched between 0.5 and 5.0 keV, a range
which encloses the peak of the effective area of the EPIC
cameras. A wavelet detection algorithm was used1. It is
better suited to crowded fields than the sliding box al-
gorithm. Given the early development stage of the task,
we used a conservative 4 σ as the detection threshold.
For each camera, the source list so obtained was used as
an input to the task emldetect. emldetect computes for
each source a maximum likelihood, taking into account the
point spread function of the instrument. For each source,
the task returns its best fit position, the statistical errors
on this position (1σ or 68% confidence level), its count
rate, and a maximum likelihood detection value. We used
a maximum likelihood threshold of 12. In order to esti-
mate the statistical error at the 90% confidence level for
the source positions, we modified the public version of
emldetect following the recommendation of the task author
(for a two parameter fit, the 90 % confidence limit level
is given by likelihood + 6.18, G. Lamer, private commu-
nication). Three PN sources were removed because their
best fit positions fell onto bad columns. The cleaned PN,
MOS1 and MOS2 source lists were then correlated using a
customized version of the task srcmatch. srcmatch returns
the positions of the correlated sources weighted by their
statistical errors as derived for each instrument separately.
The maximum likelihood of a correlated source is the sum
of the individual maximum likelihoods.
Fig. 1. A false color image of the XMM-Newton field of
view. It combines the EPIC-PN and MOS images. The
color bands we used were 0.5-1.5 keV (red), 1.5-3.0 keV
(green) and 3.0-10.0 keV (blue).
1 see the ewavelet documentation available at
http://xmm.vilspa.esa.es/external/xmm user support/-
documentation/sas pkg frame.shtml
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The majority of the correlated sources are detected
by the PN camera because it is more sensitive than the
MOS cameras. There are however some sources missed
by the PN, due to CCD gaps, or bad columns and the
smaller field of view of the PN compared to the MOS;
these sources are marked MOS only in Tables 1 and 2.
146 sources were detected by the EPIC cameras; 59
are seen only by the PN, 9 are MOS only (and all of them
are seen in MOS 1 and MOS 2), and the remaining 78
are detected in the PN and at least one MOS camera.
We present a false color combined PN and MOS image of
the field of view in Fig. 1. The positions and statistical
errors given at the 90% confidence level, the 0.5-5.0 keV
source count rate and associated error are listed in Table
1 for those sources lying within the half mass radius and
in Table 2 for the remaining sources. In EPIC-PN, a count
rate of 10−2 counts s−1 corresponds to an unabsorbed flux
of ∼ 2.7 × 10−14 ergs s−1 cm−2 for a 0.6 keV blackbody
model absorbed through the interstellar absorption de-
rived from the optical extinction (NH = 8.4× 10
20 cm−2,
Djorgovski 1993; Predehl & Schmitt 1995). Assuming a
3 keV thermal Bremsstrahlung and a power law of photon
index 2, the corresponding fluxes are ∼ 2.5 × 10−14 ergs
s−1 cm−2 and ∼ 2.4× 10−14 ergs s−1 cm−2 respectively.
For the blackbody model, this flux translates to a lu-
minosity of ∼ 1032 ergs s−1 at the distance of ω Cen (5.3
kpc, Harris 1996; Thompson et al. 2001). Thus in Tables
1 and 2 one can see that the bulk of sources have lumi-
nosities in the range 1031 − 1032 ergs s−1.
2.3. Background sources
Some of the sources listed in Tables 1 and 2 are extra-
galactic background sources unrelated to the cluster. In
order to estimate their number, we used the statistical
Log N-Log S relationship of extragalactic sources derived
from the Lockman Hole XMM-Newton data (Hasinger et
al. 2001). To account for the vignetting function of the
XMM-Newton mirrors, we have computed limiting count
rates (for source detection) within different annuli (all cen-
tered on the cluster center), using an approach similar to
Cool et al. (2002). The radius of each annulus is computed
such that the annulus contains a large (≥ 25) number of
sources (the radius varies between 2.5 and 4.2′). This al-
lows us to set the limiting count rate to the count rate of
the weakest source detected in that annulus. The limiting
count rate is a factor of ∼ 2 larger in the outer annulus
than in the inner annulus. For direct comparison with the
Log N - Log S curve of Hasinger et al. (2001), these count
rates have then been converted into unabsorbed 0.5-2.0
keV fluxes using a power law model of index 2.0 absorbed
through the cluster NH. Following this procedure, after a
proper surface normalization, one expects 4, 9, 35 and 65
background sources within the core, half mass, twice the
half mass and a 12.5′ radii (the values so obtained were
rounded to the nearest integer). Beyond 12.5′, where we
do not expect any cluster sources, the number of detected
sources matched the one estimated with this procedure.
As an indication, we have computed the error on the
above estimates assuming a 10% uncertainty on the lim-
iting count rate estimate and a 10% uncertainty in the
XMM-Newton calibration (note that the Log N-Log S re-
lationship was derived from a processing of the Lockman
hole data with the SAS prior to its first public release).
This gives an error of 1 and 2 on the estimated number of
background sources within the core and half mass radii.
2.4. Color-color and hardness-intensity diagrams
In order to investigate the general properties of the sources
detected by XMM-Newton, we have computed X-ray
color-color and hardness-intensity diagrams. For this pur-
pose, we have produced PN images in three adjacent en-
ergy bands: 0.5-1.5 keV, 1.5-3.0 keV, 3.0-10.0 keV (similar
bands were used by Grindlay et al. 2001). From these im-
ages, we have computed the net exposure corrected source
count rate. To produce meaningful diagrams we have con-
sidered only sources detected with more than 3 counts in
each band. There are 71 sources fitting this criteria. Two
sets of diagrams have been computed: one for the sources
found within a region of radius equal to twice the half
mass radius and one for the whole field of view. They are
presented in Fig. 2 and 3.
3. Cross-correlation with a previous Chandra
observation
The mean statistical error on the positions of the sources
detected by XMM-Newton is of the order of ∼ 4′′ (see
Tables 1 and 2). To get the final positional error, one must
add quadratically, the systematic error on the pointing
direction of the XMM-Newton satellite, which is about
4′′ (Jansen et al. 2001). This means that on average the
position error will be around 6′′.
However, this can be improved by using the most accu-
rate positions provided by Chandra. For this purpose, we
have analyzed the publicly available Chandra observation.
The Chandra observation took place on 2000 January 24-
25, in imaging mode using the ACIS-I detector placed in
the focus of the telescope. The observation was ≈ 70 kilo-
seconds long. These data have already been presented by
Cool et al. (2002) and Rutledge et al. (2002)
We retrieved the data from the archives and used
CIAO version 2.2.1 and CALDB version 2.12 to calibrate
the event files (using the CIAO task acis process events).
During the Chandra observation, the background was low
and stable. We then filtered the events file for non astro-
physical events using the ASCA grades 0, 2, 3, 4, 6, and
for good time intervals using the provided GTI2. We also
rejected events with energies below 0.2 keV. We made a
2 This is the standard choice for filtering the data; see
the Chandra Proposers Observatory Guide available from the
Chandra web site for details.
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Fig. 2. The color-color diagram of the sources detected by the EPIC-PN camera within twice the half mass radius
(left) and within the field of view (right). The star identified by Cool et al. (1995), the quiescent neutron star binary
candidate and the two CV candidates are represented by an open circle, an open diamond and two filled squares
respectively. Unknown sources are represented by a filled circle, a filled star and an open star if the source lies within
the core radius, within the half mass radius, or outside the half mass radius respectively. A representative error bar is
shown. Each source is labeled according to Tables 1 and 2.
Fig. 3. The hardness-intensity diagram of the sources detected by the EPIC-PN camera within twice the half mass
radius (left) and within the whole field of view (right). The symbols refer to the same objects as Fig. 2. Each source
is labeled according to Tables 1 and 2. The intensity is corrected for the vignetting of the mirrors. A representative
error bar (source 42) is shown.
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Fig. 4. The Chandra field of view (delimited by the square) overlaid with the XMM-Newton image. The blue open
circles denote XMM-Newton sources and the red points indicate the Chandra sources. The sources detected both
by XMM-Newton and Chandra appear as red points surrounded by a blue circle. The core and half mass radii are
indicated with a solid and dashed line circle respectively.
basic detection scheme, using the CIAO task wavdetect.
As recommended in the CIAO detect manual, we used a
conservative spurious detection threshold of 10−5 as input
to wavdetect. As for XMM-Newton, sources were searched
in the 0.5-5.0 keV range.
We found 129 sources within the ACIS-I field of view,
to be compared to 146 in Cool et al. (2002) (Rutledge et
al. 2002, used a sliding box algorithm and a very conser-
vative detection threshold and reported 40 sources only).
Even if we take into account a 1′′ systematic error in the
attitude reconstruction of Chandra, the mean error on the
source positions remains very small, typically ∼ 1.5′′.
The Chandra positions were then used to compute the
astrometric correction for the XMM-Newton observation.
We have selected three XMM-Newton sources (sources 2,
8, and 15, see Tables 1 and 2), properly spaced within the
field of view, far away from CCD gaps and bad columns,
and among the brightest sources (i.e. with a small statisti-
cal error on their position). These sources are also clearly
detected by Chandra. The astrometric correction was then
computed with the three reference positions provided by
Chandra, using the starast Interactive Data Language
tools of the astrolib library. The positions listed in Tables
1 and 2 reflect this correction.
With this correction applied, 11 and 27 sources are
detected by XMM-Newton within the core and half mass
radii. For comparison, Chandra detected 22 and 46 sources
within the same regions.
This correction further allows us to get rid of the
systematic error and to cross-correlate the Chandra and
XMM-Newton source positions. The positions of the
Chandra sources found within the statistical error box
of the XMM-Newton sources are given in Table 3. Sixty
three XMM-Newton sources have a Chandra counterpart.
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Fig. 5. The contour images of the extended emission. The image on the left provides an overview of the cluster region.
The two large circles indicate the core radius (solid line circle) and the half mass radius (dashed line circle). The
Chandra sources are indicated by crosses. The right image provides a zoom on the extended emission. The XMM-
Newton sources are indicated by filled squares if the source is also detected by Chandra, or a filled circle otherwise.
For both these images, the contour levels are 4.5, 5, 6, 7 and 8 σ levels.
We present in Fig. 4 the Chandra field of view and sources
overlaid with the XMM-Newton image.
It is beyond the scope of this paper to investigate
the error box content of each XMM-Newton source,
and we have focussed the present paper on sources for
which a previous identification has been reported. Two
EINSTEIN sources were detected by both XMM-Newton
and Chandra (sources B and C), and due to its larger
field of view, XMM-Newton also detected the EINSTEIN
sources A and D (these ones were missed by Chandra).
EINSTEIN sources A and D (XMM-Newton sources 3
and 7) are associated with foreground M dwarfs (Cool
et al. 1995). The source EINSTEIN C was resolved into
sources R9a and R9b in ROSAT (Verbunt & Johnston
2000). These two core sources which are detected as
XMM-Newton sources 2 and 5 are the two CV candi-
dates (Carson et al. 2000; Cool et al. 2002). The ROSAT
source R20 (detected by Chandra and proposed to be a BY
Dra system, Cool et al. 2002) is not detected by XMM-
Newton. The proposed quiescent neutron star binary is
detected as source 4 by XMM-Newton. Finally, the source
identified by Verbunt & Johnston (2000) as HD116789 is
detected as source 28 (see Table 3).
We have estimated the limiting count rate of the
XMM-Newton observation as the count rate needed for a
detection of a source placed at a mean off-axis angle of 7.5′
which is half the radius of the EPIC-PN field of view. In
the 0.5-5.0 keV band, the limiting count rate is 1.4× 10−3
counts s−1. For comparison the limiting count rate of a
source on-axis is 1.0× 10−3 counts s−1. For Chandra, the
limiting count rate estimated with the same method is
1.5×10−4 counts s−1 for an on-axis source and 1.6×10−4
counts s−1 for a source at 7.5′.
The limiting count rates have been converted into lim-
iting fluxes using two spectral models; a blackbody of 0.6
keV and a thermal Bremsstrahlung of 3 keV. This gives
3.8× 10−15 ergs s−1 cm−2 and 3.5× 10−15 ergs s−1 cm−2
respectively for XMM-Newton and 1.2 × 10−15 ergs s−1
cm−2 and 1.3 × 10−15 ergs s−1 cm−2 for Chandra. At
the distance of 5.3 kpc, these fluxes translate to 0.5-5.0
keV bolometric luminosities of ∼ 1.3 × 1031 ergs s−1 and
∼ 4.2× 1030 ergs s−1 for XMM-Newton and Chandra re-
spectively for the blackbody model.
As said above XMM-Newton detected 146 sources, and
63 of them have a Chandra counterpart. Of the 83 re-
maining XMM-Newton sources, 55 were outside the field
of view of Chandra. Of the remaining 28, 2 were missed
by ACIS-I because of CCD gaps and noisy columns (one
is in the core). This leaves a total of 26 sources detected
by XMM-Newton and not detected by Chandra. We have
reprocessed the Chandra data with a less conservative spu-
rious detection threshold (10−4) to search for fainter ob-
jects. The above number decreases from 26 to 23. Since the
Chandra observations were more sensitive than the XMM-
Newton one, one needs to investigate why 26 sources seen
by XMM-Newton were not detected by Chandra. Part of
the discrepancy resides in the presence of a region of ex-
tended emission.
4. Region of extended emission
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Hartwick et al. (1982) found a region of extended emission
in the EINSTEIN images. This region extended from the
core to the west and the east of the cluster up to outside
the half mass radius. However, ROSAT did not confirm
the presence of such emission (Johnston et al. 1994). The
XMM-Newton image presented in Fig. 5 with the Chandra
sources shows that there is a region outside the half mass
radius which contains 16 point sources superposed on a
residual extended emission (on the right of the image). It
is contained in a circle of ≈100′′ radius and centered at α
= 13h26m05s, δ = −47◦29′21′′. It is also present, though
with less significance in the Chandra image. A zoom on
this region with the detected Chandra and XMM-Newton
sources is shown in Fig 5 (right). It shows that only 6 of the
16 XMM-Newton sources are also detected by Chandra.
It is therefore likely that the 10 additional XMM-Newton
sources may not be real point sources, but instead fluctu-
ations of the extended emission which confused the detec-
tion algorithm. This and the origin of this emission will be
discussed elsewhere. If we take out these 10 sources, there
remains 16 XMM-Newton sources which would have been
detected by Chandra; had their luminosity remained con-
stant between the two observations. As we will show later,
we have found evidence for variable sources in other re-
gions of the images, including the cluster core.
The extended emission region seen by EINSTEIN also
included the core of the cluster. The core now contains
many faint X-ray sources as shown in Fig. 5, and we have
no evidence for any residual extended emission.
5. Search for short and long term time variability
5.1. Variable sources within the XMM-Newton
observation
We have extracted the light curves of the 26 strongest X-
ray sources within the EPIC-PN field of view. The bin
time of the light curve was chosen to ensure a sufficient
number of count within each bin (typically larger than
∼ 20). The light curves were searched for variability us-
ing the lcstat FTOOLs. Using a χ2 test, we found that 4
sources have a probability of being constant of less than
0.1%. The light curves of these 4 objects are shown in Fig
6. Only one lies in the core (source 24). The three others
lie outside the half mass radius.
5.2. Variable sources between the Chandra and
XMM-Newton observations
As shown above, all XMM-Newton sources should have
been detected by Chandra, providing that their X-ray in-
tensity had remained constant. In the core this is the case,
as the only XMM-Newton source not detected by Chandra
fell on an ACIS-I CCD gap. Within the half mass radius, 4
XMM-Newton sources were not detected by Chandra and
must have therefore varied by at least a factor of ∼ 3− 4.
We have converted the count rate of the Chandra
sources to XMM-Newton count rates for comparison with
Fig. 6. The light curves of the four variable sources found
within the field of view. Top) The brightest object in the
field (source 1). 2nd) The star USNO-A2 0375-18249604
identified by Cool et al. (1995) (source 3). 3rd) An object
which is located within twice the half mass radius (source
15). 4th). The only core source which showed variability
within the XMM-Newton observation (source 24).
our count rate detection threshold. We have found that
7 Chandra sources that lie within the half mass radius
should have been detected by XMM-Newton and were
not (this number rises to 20 if one considers the whole
field of view). Finally, within the half mass radius there
are 4 sources (13 in the whole field of view) detected by
both Chandra and XMM-Newton but with different lu-
minosities (a factor of two or higher variations). These
sources are listed in Table 4. From this we conclude that
15 sources contained in the half mass radius have shown
variability between the XMM-Newton and Chandra ob-
servations spaced by ∼ 1.5 year.
5.3. Variable sources between the XMM-Newton and
ROSAT observations
ω Cen was observed between August 1992 and January
1997 by ROSAT (Verbunt & Johnston 2000). The lumi-
nosity limit of the ROSAT observations was about 7×1031
ergs s−1 in the 0.5-2.5 keV range (Verbunt & Johnston
2000). We have computed the luminosity of the XMM-
Newton sources in this same energy band. From this, we
found that 1 source (source 13) should have been detected
by ROSAT. Obviously, XMM-Newton which is more sen-
sitive than ROSAT should have detected all ROSAT
sources. This is not the case, as 1 ROSAT core source
(source R20) is not present in the XMM-Newton image
(it is however detected by Chandra).
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6. Spectral analysis of the brightest objects
We have extracted spectra for the brightest sources; those
with a total number of counts exceeding ∼ 100 in the most
sensitive EPIC-PN camera. There are 26 sources satisfying
this criterion. In this paper, we limit the spectral analysis
to the 16 sources lying within twice the half mass radius.
To accumulate spectra, we chose an extraction radius
of ≈ 0.7 ′, except when another source was closer than
1.5 ′(two extraction radii). We extracted the background
using an adjacent area of the same surface, at the same
off axis angle on the same CCD. We generated ancillary
response files and redistribution matrix files with the SAS
tasks arfgen and rmfgen of the 5.3.3 release.
Whenever possible, we binned the spectra to contain
at least twenty net counts in each bin, in order to use
χ2 statistics. Otherwise we used the Cash statistics. For
the spectra with the largest number of counts, we have
left the interstellar column density as a free parameter of
the fit. Note however that in all but one case, the fitted
NH is consistent within error bars with the value expected
from the optical extinction in the direction of the cluster.
We used XSPEC v11.1 (Arnaud 1996) to fit the spectra.
The limited statistics does not allow us to use spectral
models more sophisticated than thermal Bremsstrahlung,
blackbody, and power law.
6.1. Sources within the core and the half mass radii
There are three sources in the core for which a spectrum
can be extracted (sources 2, 5 and 24), two more between
the core and half mass radii (sources 9 and 20) and the
proposed quiescent neutron star binary which is just at
the border of the half mass radius (source number 4).
The three core sources are the two proposed CV candi-
dates (Carson et al. 2000) and source 24 which was found
to be variable within the XMM-Newton observation (see
section 5 and Fig 5). The best fit spectral results are listed
in Table 5. For the two CV candidates, the spectra can be
accurately fitted with a thermal Bremsstrahlung (or alter-
natively with power laws of index ∼ 1.4). Such spectra are
expected from such systems (Richman 1996). Thus our
spectral observations reinforce the classification of these
two objects as CVs. Their unfolded spectra are shown in
Fig. 7. These are to date the highest quality spectra ever
measured from faint globular cluster X-ray sources.
For the third variable source, its spectrum is also con-
sistent with a power law, but given the limited statistics
it could be also fitted with a thermal bremsstrahlung.
Despite the source faintness, we have searched for spec-
tral variations within the observation. Two spectra were
extracted, one during its steady state and another one dur-
ing the flaring state. As can be seen in Table 5, the two
spectra are consistent. Best fit results for the two addi-
tional sources found between the core and half mass radii
are also listed in Table 5.
6.2. The quiescent neutron star binary
Rutledge et al. (2002) showed that the Chandra spectrum
of the quiescent neutron star binary candidate can be fit-
ted with a pure hydrogen neutron star atmosphere model
Fig. 7. The EPIC-PN unfolded spectra of the two CV
candidates. These two sources are located within the
core radius. These spectra are shown with a best ther-
mal Bremsstrahlung fit. The spectra measured by XMM-
Newton strengthen the CV classification for these two
sources. These are to date the highest quality spectra of
faint core globular cluster sources.
Fig. 8. The unfolded EPIC-MOS and EPIC-PN spectra
of the quiescent neutron star binary candidate source 4.
This spectrum is accurately fitted with a pure hydrogen
neutron star atmosphere model. The filled squares, dia-
monds and circles refer to the MOS1, MOS2 and PN data
respectively.
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(Pavlov et al. 1992; Zavlin et al. 1996). This source is also
clearly detected in our observation, as the fourth bright-
est source in the field of view. Taking advantage of the
better statistics of the XMM-Newton spectrum, we have
also fitted its spectrum with the same neutron star atmo-
sphere model. The parameters of the latter model are the
temperature, the radius, the mass of the neutron star and
its distance. The temperature and the radius were derived
as measured by an observer at infinity. The best fit result
with the mass of the neutron star and the source distance
frozen are listed in Table 6. There is a remarkable con-
sistency between the results reported in Rutledge et al.
(2002) and ours, but thanks to the improved statistics
the error bars on the fitted parameters are much smaller
with the present data. We did not find any evidence for
the presence of a power law tail. Assuming a power law
with photon index of 2, an upper limit of 10 % of the
total flux (90% confidence limit) can be derived for such
a power law tail. The 0.1-5.0 keV bolometric luminosity
measured by XMM-Newton is consistent within error bars
with the Chandra value. The unfolded combined EPIC-
PN and MOS spectrum is presented in Fig. 8. This is
one of the best spectra of a quiescent neutron star binary
obtained so far. Our observation thus strengthens the qui-
escent neutron star binary hypothesis for this object.
6.3. Notes on remaining sources within the field of
view
In Fig. 9, we show the unfolded spectra of four more
sources whose positions are between one and two half mass
radii. All spectra are relatively hard, corresponding to col-
ors in Fig 3 similar to the colors measured from the CVs.
Their luminosities, just around ∼ 1032 are also consistent
with the CV hypothesis. Note however that some of them
may also be background sources.
In addition, there are two other sources in the field
of view which deserve some attention. The first one is
the brightest object (it was detected by both Chandra
and ROSAT, see Table 3). Its unfolded spectrum together
with its best power law fit is presented in Fig. 10. The
high NH derived from the fit and its relatively large angu-
lar distance from the cluster center (about 8.5′) calls into
question its membership to ω Cen. However, its unusual
properties (time variability and hard spectrum) make it an
interesting target for follow-up investigations. There are
no counterparts listed in the USNO A2.0 catalog within
2” of the Chandra position.
The second object is the third brightest object in the
field (source 3). It has an M dwarf counterpart (USNO-
A2 0375-18249604, Cool et al. 1995). Its spectrum is
well fitted by a 2 temperature Raymond-Smith model (2T)
expected from such a system (Singh et al. 1996). The best
fit parameters of all these objects are also given in Table
5.
Fig. 9. The unfolded spectra of four of the brightest ob-
jects in the EPIC-PN field of view. These sources are lo-
cated outside the half mass radius, but within twice this
radius. The spectrum of source 6 is shown with a thermal
Bremsstrahlung fit, whereas for the others their spectra
are shown with a power law fit. The four spectra are rel-
atively hard and are consistent with those observed from
the two core CVs, both in shapes and luminosities.
Fig. 10. The unfolded spectrum of the brightest object
within the field of view. This source is very absorbed. Its
spectrum is presented with a power law fit. It is presently
unidentified, but clearly deserves some follow-up investi-
gations.
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7. Discussion
We have presented the first results of our deep XMM-
Newton observation of the globular cluster ω Cen, em-
phasizing the general properties of the population of faint
X-ray sources present in the cluster. We have detected 11
and 27 faint X-ray sources within the core and half-mass
radii respectively. We have estimated that 4± 1 and 9± 2
of these objects could be unrelated background sources.
Comparing the Chandra ACIS-I and XMM-Newton EPIC
observations, we have found that 63 XMM-Newton sources
have a Chandra counterpart. Fifteen sources that lie
within the half mass radius have shown variability be-
tween the two observations. Intensity variations for several
sources were also found within the XMM-Newton observa-
tion and between the XMM-Newton and previous ROSAT
observations. We have also presented the first X-ray spec-
tra of the brightest and peculiar objects in the field, in
particular the proposed quiescent neutron star low mass
X-ray binary for which the EPIC spectrum strengthens its
classification. We have shown that the spectra of the two
brightest core sources strongly support the proposal that
they are CVs. We have found objects with similar spectra
in the cluster. In the following, we briefly discuss what
appears to be the main implications of our observation.
First of all, what is striking from our data is the excess
of sources located in the vicinity of the cluster (just out-
side the half mass radius). This has already been noted
by Cool et al. (2002) and Verbunt (2002a). For in-
stance between 1 and 2 half-mass radii, there is an ex-
cess of ∼ 25 sources, over the expected number of back-
ground sources. Obviously, some of them may be fore-
ground stars. However, some may also belong to the clus-
ter, and may have already been found as active binaries
(RS CVn). Two of the OGLEGC sources located at rel-
atively large off-axis (more than 2.5 core radii) were de-
tected by Chandra (OGLEGC15 and OGLEGC22, Cool
et al. 2002). Another one (OGLEGC30) has a position
coincident with our XMM-Newton source 29. All are pro-
posed to be RS CVn stars (Kaluzny et al. 1996, 2002).
Their X-ray luminosity is not atypical of such systems
∼ 1− 3× 1031 ergs s−1, though on the bright end of their
luminosity distribution (Dempsey et al. 1997).
Due to mass segregation effects, binaries which are
more massive than lonely stars are expected to lie close
to cluster center (e.g. Meylan & Heggie 1997). In ω
Cen the mass segregation is very low, and that might ex-
plain the large population of binaries outside the core (e.g.
Verbunt & Johnston 2000). Some of these binaries might
also have been ejected outside the cluster through three-
body interactions (an encounter of a binary with a single
star). Another possibility could be that the potential well
of the cluster was recently disrupted by the accretion of a
discrete component of another stellar system. The recent
discovery of a metal-rich stellar population in the cluster
(Pancino et al. 2000) with a coherent bulk motion with
respect to the other stars (Ferraro et al. 2002) was ex-
plained by the accretion of an independent stellar system
by ω Cen. The presence of faint X-ray sources in the vicin-
ity of ω Cen might thus be a consequence of an unusual
dynamical evolution of the cluster.
The second most striking feature of our data is the
lack of soft X-ray sources and the large number of sources
showing long term variability. In Fig. 2 and 3, there is an
obvious clustering of sources around the two previously
identified CVs (which are spectrally hard). There are only
two sources in the soft area: the star identified by Cool et
al. (1995) and the proposed quiescent neutron star binary
(note that these two objects are also among the brightest,
see Fig. 3). The sources clustering below the two CV can-
didates (sources 2 and 5, represented by two filled squares)
in the hardness intensity plot (see Fig. 3) have luminosi-
ties in the range 2×1031 to 6×1032 ergs s−1. The spectra
of four of these objects are shown in Fig. 8. Similar spectra
and luminosities are observed from disk and globular clus-
ter CVs (e.g. Pooley et al. 2002a). CVs are well known to
be variable, and might thus account for some of the vari-
able sources present in the cluster (note that one core CV,
source 5, showed variability by a factor of ∼ 1.7 between
the XMM-Newton and Chandra observations).
However, we note that one of the proposed RS CVns
(OGLEGC30, Kaluzny et al. 1996, the counterpart of the
XMM-Newton source 29) has colors similar to the two CVs
(the statistic was unfortunately too poor to fit its spec-
trum). This source was not detected by Chandra and must
have varied by at least a factor of ∼ 3−4 between the two
observations. The two OGLEGC sources (RS CVn candi-
dates) detected by Chandra were not detected by XMM-
Newton: the Chandra luminosity of OGLEGC 15 was be-
low the XMM-Newton sensitivity threshold, on the other
hand OGLEGC 22 should have been detected. Another ex-
ample of variability is given by the ROSAT source R20, as-
sociated with a BYDra (Cool et al. 2002). This source was
detected by Chandra but not by XMM-Newton. These ob-
jects are variable, and will be preferentially detected dur-
ing flaring outbursts, due to their low quiescent X-ray lu-
minosities. The large number of variable sources in ω Cen
(15 within the half mass radius between the Chandra and
XMM-Newton observations) is also suggestive of a large
population of RS CVns (including BY Dra) in the cluster.
During snapshot X-ray observations, only a fraction could
be seen. These sources could account for the population
of the lower luminosity (∼ 1031ergs s−1) sources found in
ω Cen.
Some of the faint and persistent sources of the
hardness-intensity diagram (∼ 10, see Fig. 3) have colors
consistent with power law like spectra, with indices of the
order of ∼ 2. Such power laws could result from magneto-
spheric emission of millisecond pulsars (Becker & Tru¨mper
1998; Webb et al. 2002b). However, these sources are
unlikely to be millisecond pulsars, because no such radio
pulsars are presently known in the cluster (Freire 2002).
Furthermore, Grindlay et al. (2002) have recently shown
that the emission of the millisecond pulsars detected in 47
Tuc is dominated by the thermal emission from the po-
lar caps of the neutron star. Such emission is much softer
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than the magnetospheric emission. These sources with soft
thermal X-ray emission should lie on figure 3 between ver-
tical lines passing through the two CV candidates and the
quiescent neutron star binary. There are no sources in that
region. Our observation would thus support the idea that
ω Cen lacks millisecond pulsars. Obviously the difficulties
in retaining neutron stars in a globular cluster and the low
collision frequency of ω Cen could provide an explanation
(see e.g. Pfahl et al. 2002; Verbunt 2002a).
In the disk, quiescent neutron star binaries have lumi-
nosities in the range 1032 − 1033 erg s−1 (Narayan et al.
2002). Furthermore, they all have extremely soft X-ray
spectra (Rutledge et al. 2000). In our observation, there
is one single object with these characteristics. If globular
cluster quiescent neutron star binaries behave similarly to
those in the disk, then our observation should provide a
complete census of the content of such objects in ω Cen
(a similar conclusion was derived by Rutledge et al. 2002,
from the Chandra observations). Some of these objects
have also been found in other clusters (Edmonds 2002;
Grindlay et al. 2001; Pooley et al. 2002b). In globular
clusters, these systems are certainly formed from a close
encounter between a neutron star with a single star or
with a binary (see Verbunt 2002b, for a recent review).
The presence of one such system in ω Cen is consistent
with its lower collision frequency compared to other clus-
ters (Verbunt 2002b). The presence of this object far
away from the core remains somewhat puzzling in that
regard. It might have been ejected from the core during a
three-body interaction (Verbunt 2002b). The presence of
a single candidate quiescent neutron star binary together
with the apparent lack of millisecond pulsars in the clus-
ter makes ω Cen clearly different from clusters like 47
Tuc in which a large population of binaries with neutron
star primaries are being discovered (e.g. Grindlay et al.
2001; Camilo et al. 2000). This difference, if confirmed,
should help us in understanding how neutron stars form
and evolve in globular clusters.
Finally, some of the faint sources could be quiescent
black hole binaries (one black hole may have just been
discovered in the globular cluster M15, and some are be-
ing found in globular clusters in other galaxies, Gerssen
et al. 2002; Verbunt 2002b). Most quiescent black hole
binaries within the galactic disk have been observed with
luminosities of ∼ 1031 erg s−1 (Kong et al. 2002; Hameury
et al. 2003). Their spectra are well fitted with power laws,
with spectral indices of 1.5-2 (Kong et al. 2002). Such
spectra correspond to hardness ratios in the range 0.4-0.9
in Fig. 3. About 10 objects have colors and luminosities
consistent with a quiescent black hole binary nature. This
hypothesis is however poorly constrained from our X-ray
observations alone, as many faint sources could be back-
ground active galactic nuclei.
8. Conclusions
The main results of our XMM-Newton observation are
that in Omega Cen the binaries do not seem be confined to
the core or even within the half mass radius, as previously
thought, and that the majority of the faint X-ray sources
may be CVs, RS CVn or BY Dra binaries. Obviously,
the small number of identifications currently available pre-
vents us from reaching definite conclusions. The spectral
and timing information provided by XMM-Newton, to-
gether with the accurate positions provided by Chandra
for a wide sample of faint X-ray sources should encour-
age follow-up investigations at other wavelengths (optical,
UV, radio). In particular, these observations should tell us
whether those sources found well outside the core of ω Cen
really belong to the cluster. More identifications are also
required before reliable comparisons between ω Cen and
other clusters with different structural parameters can be
drawn. Such comparisons are critical to a better under-
standing of the dynamical evolution of globular clusters
in general.
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Table 1. XMM-Newton sources detected within the half mass radius. A flag indicates whether the source belongs to
the core. Most sources were detected by the most sensitive EPIC-PN camera (a flag indicates whether it is detected
also by MOS1 and MOS2). The ones which were missed by EPIC-PN are labeled as MOS in that table. The source
ID increases with decreasing maximum likelihood. The sources are sorted in declination. The statistical error on the
position is given at the 90% confidence level, as estimated from the srcmatch task, and is given in arcseconds. For PN
sources, the rates are from the PN data. For MOS sources, the rates are an average between the MOS1 and MOS2
cameras. All rates are corrected for the vignetting of the mirrors and are given in units of 10−2 count s−1. In EPIC-PN,
for indications a count rate of 10−2 counts s−1 corresponds to an unabsorbed flux of ∼ 2.7× 10−14 ergs s−1 cm−2 for
a 0.6 keV blackbody model absorbed through the cluster NH (8.4 × 10
20 cm−2). This flux translates to a luminosity
of ∼ 1032 ergs s−1 at the distance of ω Cen (5.3 kpc).
Instrument Source RA Dec Position Rate MOS1 MOS2 Core
ID h m s ◦ ′ ′′ Error (′′) detection detection source
PN 122 13: 26: 48.9 -47: 24: 52.2 7.32 0.13 ± 0.03 No No No
PN 80 13: 26: 30.7 -47: 26: 04.4 4.76 0.14 ± 0.03 Yes No No
PN 49 13: 26: 28.7 -47: 26: 33.3 5.28 0.15 ± 0.03 No Yes No
PN 103 13: 26: 45.4 -47: 26: 53.6 4.92 0.15 ± 0.03 No No Yes
PN 44 13: 26: 52.6 -47: 27: 15.9 3.89 0.25 ± 0.04 Yes Yes Yes
PN 24 13: 26: 40.8 -47: 27: 38.6 2.35 0.54 ± 0.05 Yes Yes Yes
PN 61 13: 26: 52.5 -47: 27: 39.1 4.08 0.18 ± 0.03 Yes Yes Yes
PN 42 13: 26: 59.2 -47: 28: 16.5 4.41 0.35 ± 0.04 Yes Yes Yes
PN 111 13: 26: 50.2 -47: 28: 40.1 4.47 0.14 ± 0.03 No No Yes
PN 92 13: 26: 44.3 -47: 28: 57.4 4.89 0.17 ± 0.03 No No Yes
PN 5 13: 26: 53.5 -47: 29: 01.3 1.17 1.74 ± 0.08 Yes Yes Yes
PN 101 13: 26: 37.9 -47: 29: 11.3 5.06 0.16 ± 0.03 No No Yes
PN 2 13: 26: 52.2 -47: 29: 36.1 0.74 3.56 ± 0.11 Yes Yes Yes
PN 72 13: 26: 34.5 -47: 29: 57.3 3.84 0.25 ± 0.04 No No Yes
PN 60 13: 26: 34.2 -47: 30: 34.7 4.08 0.25 ± 0.04 Yes No No
PN 127 13: 27: 04.5 -47: 30: 38.2 5.43 0.12 ± 0.03 No No No
PN 20 13: 26: 37.4 -47: 30: 52.9 2.32 0.53 ± 0.05 Yes Yes No
PN 88 13: 27: 04.9 -47: 31: 10.2 6.88 0.13 ± 0.03 Yes No No
PN 38 13: 26: 55.0 -47: 31: 13.2 3.73 0.29 ± 0.04 Yes Yes No
PN 9 13: 26: 48.7 -47: 31: 26.2 1.72 1.46 ± 0.10 Yes Yes No
PN 108 13: 26: 46.6 -47: 31: 40.5 5.79 0.16 ± 0.03 No No No
PN 36 13: 26: 50.8 -47: 31: 47.5 3.91 0.33 ± 0.04 Yes Yes No
PN 35 13: 26: 49.6 -47: 31: 53.2 7.26 0.17 ± 0.03 Yes Yes No
PN 57 13: 26: 49.6 -47: 32: 13.4 2.95 0.35 ± 0.05 No No No
PN 16 13: 26: 43.9 -47: 32: 31.0 2.71 0.68 ± 0.07 Yes Yes No
MOS 96 13: 26: 47.7 -47: 25: 52.6 4.71 0.05 ± 0.02 Yes Yes No
MOS 50 13: 26: 29.2 -47: 28: 13.8 2.99 0.13 ± 0.02 Yes Yes No
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Table 2. XMM-Newton sources detected outside the half mass radius. As in Table 1 most sources were detected by
the most sensitive EPIC-PN camera (a flag indicates whether it is detected also by MOS1 and MOS2). The ones
which were missed by EPIC-PN are labeled as MOS in that table. The source ID increases with decreasing maximum
likelihood. The sources are sorted in declination. The statistical error on the position is given at the 90% confidence
level, as estimated from the srcmatch task and is given in arcseconds. For PN sources, the rates are from the PN data.
For MOS sources, the rates are an average between the MOS1 and MOS2 cameras. All rates are corrected for the
vignetting of the mirrors and are given in units of 10−2 count s−1. In EPIC-PN, for indications a count rate of 10−2
counts s−1 corresponds to an unabsorbed flux of ∼ 2.7×10−14 ergs s−1 cm−2 for a 0.6 keV blackbody model absorbed
through the cluster NH (8.4× 10
20 cm−2). This flux translates to a luminosity of ∼ 1032 ergs s−1 at the distance of ω
Cen (5.3 kpc).
Instrument Source RA Dec Position Rate MOS1 MOS2
ID h m s ◦ ′ ′′ Error (′′) detection detection
PN 119 13: 26: 37.8 -47: 16: 00.8 7.59 0.31 ± 0.06 No No
PN 54 13: 26: 56.4 -47: 17: 15.4 3.77 0.53 ± 0.07 No Yes
PN 65 13: 26: 18.3 -47: 17: 28.6 5.31 0.43 ± 0.07 Yes Yes
PN 29 13: 26: 53.3 -47: 18: 24.4 3.60 0.63 ± 0.07 Yes Yes
PN 97 13: 27: 05.8 -47: 18: 35.1 5.02 0.30 ± 0.05 No No
PN 132 13: 26: 31.0 -47: 18: 48.5 26.59 0.21 ± 0.05 No No
PN 3 13: 27: 27.7 -47: 19: 08.8 0.83 7.39 ± 0.24 Yes Yes
PN 17 13: 26: 23.5 -47: 19: 27.9 3.00 0.89 ± 0.08 Yes Yes
PN 56 13: 27: 02.8 -47: 19: 29.9 5.59 0.38 ± 0.06 Yes Yes
PN 28 13: 26: 46.3 -47: 19: 47.4 2.64 0.80 ± 0.07 Yes Yes
PN 31 13: 26: 38.5 -47: 20: 01.7 2.43 0.66 ± 0.07 Yes Yes
PN 95 13: 27: 08.4 -47: 20: 25.9 7.41 0.16 ± 0.04 Yes No
PN 43 13: 26: 03.8 -47: 20: 42.9 3.86 0.54 ± 0.07 Yes Yes
PN 73 13: 26: 35.7 -47: 20: 57.4 9.14 0.26 ± 0.05 No Yes
PN 68 13: 27: 10.2 -47: 21: 29.2 4.06 0.31 ± 0.05 Yes No
PN 145 13: 28: 08.7 -47: 21: 36.8 48.16 0.54 ± 0.09 No No
PN 133 13: 27: 58.4 -47: 22: 03.6 24.29 0.30 ± 0.06 No No
PN 32 13: 26: 54.5 -47: 22: 04.7 2.73 0.46 ± 0.06 Yes Yes
PN 15 13: 26: 41.5 -47: 22: 16.5 2.34 0.66 ± 0.06 Yes Yes
PN 77 13: 26: 48.6 -47: 22: 18.7 4.95 0.15 ± 0.03 No Yes
PN 129 13: 27: 33.3 -47: 22: 48.1 6.29 0.18 ± 0.04 No No
PN 39 13: 26: 23.2 -47: 22: 52.7 2.70 0.52 ± 0.06 Yes No
PN 70 13: 28: 01.9 -47: 23: 16.5 4.68 0.68 ± 0.09 No No
PN 18 13: 27: 21.2 -47: 23: 24.4 1.92 0.92 ± 0.08 Yes Yes
PN 41 13: 27: 07.9 -47: 23: 35.3 3.28 0.42 ± 0.05 Yes Yes
PN 99 13: 25: 51.0 -47: 23: 40.6 5.60 0.33 ± 0.06 No No
PN 118 13: 26: 27.3 -47: 24: 00.2 17.34 0.20 ± 0.04 No No
PN 67 13: 26: 41.3 -47: 24: 05.0 6.67 0.17 ± 0.03 Yes Yes
PN 79 13: 26: 12.8 -47: 24: 16.6 5.92 0.19 ± 0.04 No Yes
PN 110 13: 27: 12.1 -47: 24: 22.9 5.66 0.17 ± 0.04 No No
PN 94 13: 27: 28.5 -47: 24: 25.2 4.86 0.23 ± 0.04 No No
PN 126 13: 26: 37.0 -47: 24: 30.5 6.26 0.12 ± 0.03 No No
PN 59 13: 26: 31.4 -47: 24: 43.6 5.14 0.24 ± 0.04 Yes Yes
PN 86 13: 27: 57.9 -47: 25: 12.0 6.47 0.29 ± 0.06 No Yes
PN 75 13: 25: 39.7 -47: 25: 23.4 6.02 0.35 ± 0.06 No Yes
PN 82 13: 27: 06.3 -47: 25: 37.8 7.52 0.17 ± 0.03 No Yes
PN 106 13: 25: 44.8 -47: 25: 54.7 7.58 0.31 ± 0.06 No No
PN 6 13: 27: 29.4 -47: 25: 55.4 1.18 2.35 ± 0.11 Yes Yes
PN 146 13: 27: 39.3 -47: 25: 57.1 7.76 0.15 ± 0.04 No No
PN 144 13: 27: 59.4 -47: 26: 09.5 7.58 0.22 ± 0.05 No No
PN 26 13: 25: 55.9 -47: 26: 19.6 2.53 0.85 ± 0.08 Yes Yes
PN 131 13: 25: 42.3 -47: 26: 36.1 9.30 0.25 ± 0.05 No No
PN 105 13: 25: 51.3 -47: 26: 44.9 5.92 0.26 ± 0.05 No No
PN 115 13: 26: 21.3 -47: 27: 08.2 4.93 0.14 ± 0.03 No No
PN 138 13: 25: 58.0 -47: 27: 32.0 6.95 0.16 ± 0.04 No No
PN 135 13: 25: 32.6 -47: 27: 37.8 8.22 0.25 ± 0.06 No No
PN 76 13: 26: 04.2 -47: 27: 41.6 7.24 0.15 ± 0.04 No Yes
PN 140 13: 27: 48.5 -47: 28: 01.0 47.60 0.20 ± 0.04 No No
PN 102 13: 27: 17.0 -47: 28: 18.7 5.41 0.12 ± 0.03 Yes No
PN 136 13: 26: 00.8 -47: 28: 21.5 10.83 0.17 ± 0.04 No No
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Table 2. Continued
Instrument Source RA Dec Position Rate MOS1 MOS2
ID h m s ◦ ′ ′′ Error (′′) detection detection
PN 47 13: 27: 14.5 -47: 28: 31.3 4.40 0.28 ± 0.04 Yes Yes
PN 33 13: 25: 52.7 -47: 28: 55.4 3.11 0.71 ± 0.08 Yes Yes
PN 98 13: 25: 57.3 -47: 28: 58.6 6.54 0.27 ± 0.05 No No
PN 4 13: 26: 19.7 -47: 29: 11.5 0.78 3.42 ± 0.12 Yes Yes
PN 91 13: 26: 13.5 -47: 29: 13.5 6.09 0.21 ± 0.04 No No
PN 62 13: 26: 01.0 -47: 29: 13.2 5.70 0.31 ± 0.05 No Yes
PN 51 13: 26: 06.2 -47: 29: 18.7 5.21 0.53 ± 0.06 No No
PN 64 13: 28: 14.1 -47: 29: 24.0 5.99 0.92 ± 0.10 No No
PN 123 13: 25: 54.7 -47: 29: 32.9 11.31 0.20 ± 0.04 No No
PN 78 13: 26: 07.9 -47: 29: 55.1 4.43 0.27 ± 0.04 No No
PN 27 13: 25: 44.7 -47: 29: 58.5 3.42 0.67 ± 0.08 Yes Yes
PN 107 13: 27: 16.1 -47: 29: 59.7 5.76 0.17 ± 0.04 No No
PN 100 13: 27: 45.8 -47: 30: 00.8 7.85 0.17 ± 0.04 Yes No
PN 137 13: 26: 15.5 -47: 30: 15.1 47.94 0.13 ± 0.03 No No
PN 104 13: 26: 13.3 -47: 30: 19.8 5.20 0.18 ± 0.04 No No
PN 84 13: 27: 40.0 -47: 30: 24.0 5.91 0.22 ± 0.04 Yes No
PN 109 13: 27: 48.5 -47: 30: 26.0 4.44 0.23 ± 0.05 No No
PN 87 13: 26: 07.4 -47: 30: 26.8 5.88 0.25 ± 0.04 No No
PN 117 13: 26: 23.5 -47: 30: 49.4 6.53 0.15 ± 0.03 No No
PN 124 13: 26: 10.2 -47: 31: 13.8 27.02 0.16 ± 0.04 No No
PN 12 13: 27: 27.4 -47: 31: 33.7 2.14 0.93 ± 0.08 Yes Yes
PN 121 13: 25: 50.9 -47: 31: 38.9 25.26 0.23 ± 0.05 No No
PN 114 13: 27: 14.9 -47: 31: 50.0 5.49 0.15 ± 0.03 No No
PN 74 13: 27: 21.7 -47: 32: 07.3 7.32 0.15 ± 0.04 No Yes
PN 139 13: 26: 18.9 -47: 32: 07.2 15.62 0.28 ± 0.04 No No
PN 8 13: 26: 25.1 -47: 32: 28.7 1.12 2.10 ± 0.10 Yes Yes
PN 11 13: 27: 11.9 -47: 32: 41.4 1.86 0.82 ± 0.07 Yes Yes
PN 21 13: 25: 57.2 -47: 32: 51.6 2.34 0.86 ± 0.08 Yes Yes
PN 116 13: 27: 23.0 -47: 33: 05.4 7.07 0.18 ± 0.04 No No
PN 1 13: 26: 01.5 -47: 33: 07.4 0.69 6.94 ± 0.20 Yes Yes
PN 34 13: 27: 10.0 -47: 33: 21.8 3.34 0.36 ± 0.05 Yes Yes
PN 14 13: 28: 09.1 -47: 33: 27.0 2.42 2.39 ± 0.16 Yes No
PN 130 13: 25: 58.9 -47: 33: 48.2 46.71 0.22 ± 0.05 No No
PN 37 13: 25: 53.5 -47: 33: 49.3 3.58 0.62 ± 0.07 Yes Yes
PN 90 13: 25: 41.3 -47: 33: 58.0 8.28 0.28 ± 0.06 Yes No
PN 25 13: 26: 11.5 -47: 34: 04.2 2.43 0.78 ± 0.07 Yes Yes
PN 40 13: 26: 26.9 -47: 34: 09.1 3.88 0.33 ± 0.05 Yes Yes
PN 22 13: 26: 13.6 -47: 34: 43.2 2.44 0.88 ± 0.08 Yes Yes
PN 30 13: 26: 27.4 -47: 34: 54.9 2.94 0.50 ± 0.06 Yes Yes
PN 23 13: 27: 12.7 -47: 34: 56.4 2.38 0.77 ± 0.07 Yes Yes
PN 52 13: 26: 59.2 -47: 34: 59.0 3.58 0.31 ± 0.05 Yes Yes
PN 93 13: 26: 10.8 -47: 35: 07.3 4.89 0.27 ± 0.05 No No
PN 85 13: 27: 53.7 -47: 35: 07.6 6.17 0.28 ± 0.06 Yes No
PN 141 13: 27: 23.4 -47: 35: 22.2 8.37 0.16 ± 0.04 No No
PN 120 13: 26: 13.0 -47: 35: 56.3 8.64 0.22 ± 0.04 No No
PN 143 13: 25: 52.5 -47: 36: 12.2 6.88 0.19 ± 0.05 No No
PN 46 13: 26: 23.8 -47: 36: 13.5 4.16 0.36 ± 0.05 Yes Yes
PN 45 13: 26: 39.1 -47: 36: 33.5 3.76 0.33 ± 0.05 Yes Yes
PN 10 13: 26: 11.4 -47: 37: 11.3 1.35 2.51 ± 0.13 Yes Yes
PN 142 13: 26: 26.6 -47: 37: 12.7 9.22 0.17 ± 0.04 No No
PN 134 13: 27: 25.0 -47: 37: 15.1 11.10 0.21 ± 0.05 No No
PN 113 13: 27: 00.3 -47: 37: 15.2 7.51 0.15 ± 0.04 No Yes
PN 81 13: 26: 36.4 -47: 37: 30.2 5.59 0.25 ± 0.05 Yes No
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Table 2. Continued
Instrument Source RA Dec Position Rate MOS1 MOS2
ID h m s ◦ ′ ′′ Error (′′) detection detection
PN 128 13: 26: 24.1 -47: 37: 45.7 9.76 0.23 ± 0.05 No No
PN 19 13: 26: 07.4 -47: 38: 01.3 2.31 1.15 ± 0.10 Yes Yes
PN 69 13: 27: 33.4 -47: 38: 35.0 5.55 0.48 ± 0.07 Yes No
PN 58 13: 26: 32.4 -47: 38: 50.7 4.94 0.38 ± 0.06 No Yes
PN 83 13: 27: 22.5 -47: 39: 46.4 5.07 0.45 ± 0.07 No No
PN 53 13: 27: 01.2 -47: 40: 55.9 4.34 0.57 ± 0.07 Yes Yes
PN 66 13: 26: 57.9 -47: 41: 22.4 6.22 0.54 ± 0.07 No Yes
PN 125 13: 26: 33.1 -47: 41: 29.2 49.94 0.29 ± 0.06 No No
PN 112 13: 27: 03.3 -47: 42: 41.9 8.30 0.46 ± 0.07 No No
MOS 7 13: 25: 52.1 -47: 19: 09.5 0.91 2.30 ± 0.09 Yes Yes
MOS 63 13: 25: 40.6 -47: 22: 08.4 4.28 0.23 ± 0.04 Yes Yes
MOS 48 13: 25: 34.5 -47: 25: 58.5 3.58 0.28 ± 0.04 Yes Yes
MOS 13 13: 26: 20.4 -47: 30: 03.8 1.57 0.40 ± 0.03 Yes Yes
MOS 89 13: 26: 25.7 -47: 39: 04.5 4.63 0.12 ± 0.03 Yes Yes
MOS 55 13: 26: 10.4 -47: 39: 10.8 3.67 0.27 ± 0.04 Yes Yes
MOS 71 13: 26: 10.6 -47: 40: 28.5 5.08 0.21 ± 0.04 Yes Yes
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Table 3. The XMM-Newton sources correlated with the Chandra and ROSAT sources. The error on the Chandra
position is given at the 90% confidence level, as provided by the wavdetect task. The ROSAT source numbers are taken
from Johnston et al. (1994); Verbunt & Johnston (2000). The EINSTEIN sources are labeled as in Hertz & Grindlay
(1983). The source list is declination sorted.
Source RA Dec Chandra Chandra Position Previous
ID RA Dec error (′′) ID
h m s ◦ ′ ′′ h m s ◦ ′ ′′ (RA/Dec)
3 13: 27: 27.7 -47: 19: 08.8 ... ... ... 4,D
7 13: 25: 52.1 -47: 19: 09.5 ... ... ... 3,A
17 13: 26: 23.5 -47: 19: 27.9 13: 26: 23.5 -47: 19: 24.1 0.52/0.45 ...
28 13: 26: 46.3 -47: 19: 47.4 13: 26: 46.2 -47: 19: 45.9 0.68/0.39 18
31 13: 26: 38.5 -47: 20: 01.7 13: 26: 38.5 -47: 19: 58.3 0.68/0.48 ...
73 13: 26: 35.7 -47: 20: 57.4 13: 26: 35.2 -47: 20: 52.8 1.28/0.64 ...
68 13: 27: 10.2 -47: 21: 29.2 13: 27: 09.9 -47: 21: 27.7 0.78/0.47 ...
32 13: 26: 54.5 -47: 22: 04.7 13: 26: 54.5 -47: 22: 04.6 0.24/0.10 ...
15 13: 26: 41.5 -47: 22: 16.5 13: 26: 41.5 -47: 22: 16.3 0.52/0.31 ...
39 13: 26: 23.2 -47: 22: 52.7 13: 26: 23.1 -47: 22: 51.2 0.73/0.80 ...
18 13: 27: 21.2 -47: 23: 24.4 13: 27: 21.1 -47: 23: 24.5 0.63/0.38 19
41 13: 27: 07.9 -47: 23: 35.3 13: 27: 08.0 -47: 23: 33.6 0.65/0.39 ...
67 13: 26: 41.3 -47: 24: 05.0 13: 26: 41.2 -47: 24: 00.9 0.87/0.58 ...
79 13: 26: 12.8 -47: 24: 16.6 13: 26: 12.8 -47: 24: 13.6 0.79/0.59 ...
110 13: 27: 12.1 -47: 24: 22.9 13: 27: 12.4 -47: 24: 24.9 1.04/0.78 ...
94 13: 27: 28.5 -47: 24: 25.2 13: 27: 28.4 -47: 24: 22.2 0.89/0.58 ...
126 13: 26: 37.0 -47: 24: 30.5 13: 26: 37.3 -47: 24: 31.3 1.07/0.62 ...
59 13: 26: 31.4 -47: 24: 43.6 13: 26: 31.3 -47: 24: 39.4 0.62/0.53 ...
82 13: 27: 06.3 -47: 25: 37.8 13: 27: 06.4 -47: 25: 39.5 0.56/0.69 ...
6 13: 27: 29.4 -47: 25: 55.4 13: 27: 29.3 -47: 25: 54.8 0.28/0.15 6
49 13: 26: 28.7 -47: 26: 33.3 13: 26: 28.7 -47: 26: 27.3 0.64/0.23 ...
103 13: 26: 45.4 -47: 26: 53.6 13: 26: 45.4 -47: 26: 52.4 1.05/0.65 ...
44 13: 26: 52.6 -47: 27: 15.9 13: 26: 52.9 -47: 27: 15.7 1.17/0.52 ...
24 13: 26: 40.8 -47: 27: 38.6 13: 26: 40.5 -47: 27: 38.7 1.60/0.91 ...
61 13: 26: 52.5 -47: 27: 39.1 13: 26: 52.6 -47: 27: 38.5 1.01/0.50 ...
76 13: 26: 04.2 -47: 27: 41.6 13: 26: 04.4 -47: 27: 42.1 0.65/0.78 ...
47 13: 27: 14.5 -47: 28: 31.3 13: 27: 14.5 -47: 28: 28.8 1.01/0.77 ...
33 13: 25: 52.7 -47: 28: 55.4 ... ... ... 8
92 13: 26: 44.3 -47: 28: 57.4 13: 26: 44.3 -47: 28: 56.2 0.71/0.68 ...
5 13: 26: 53.5 -47: 29: 01.3 13: 26: 53.5 -47: 29: 00.8 0.16/0.07 9a,C
4 13: 26: 19.7 -47: 29: 11.5 13: 26: 19.7 -47: 29: 11.2 0.15/0.12 7,B
101 13: 26: 37.9 -47: 29: 11.3 13: 26: 38.0 -47: 29: 10.7 1.28/0.79 ...
51 13: 26: 06.2 -47: 29: 18.7 13: 26: 05.9 -47: 29: 22.3 0.70/0.74 ...
2 13: 26: 52.2 -47: 29: 36.1 13: 26: 52.2 -47: 29: 36.1 0.15/0.04 9b,C
72 13: 26: 34.5 -47: 29: 57.3 13: 26: 34.4 -47: 29: 55.8 0.20/0.18 ...
13 13: 26: 20.4 -47: 30: 03.8 13: 26: 20.4 -47: 30: 04.0 0.19/0.19 ...
137 13: 26: 15.5 -47: 30: 15.1 13: 26: 16.7 -47: 30: 56.3 1.42/0.52 ...
84 13: 27: 40.0 -47: 30: 24.0 13: 27: 39.6 -47: 30: 24.4 1.30/0.90 ...
60 13: 26: 34.2 -47: 30: 34.7 13: 26: 34.4 -47: 30: 34.5 0.46/0.33 ...
127 13: 27: 04.5 -47: 30: 38.2 13: 27: 04.6 -47: 30: 37.0 0.78/0.68 ...
117 13: 26: 23.5 -47: 30: 49.4 13: 26: 23.5 -47: 30: 44.2 0.70/0.59 ...
20 13: 26: 37.4 -47: 30: 52.9 13: 26: 37.4 -47: 30: 54.5 0.38/0.22 ...
38 13: 26: 55.0 -47: 31: 13.2 13: 26: 55.0 -47: 31: 13.7 0.59/0.28 ...
9 13: 26: 48.7 -47: 31: 26.2 13: 26: 48.8 -47: 31: 26.0 0.43/0.20 21
12 13: 27: 27.4 -47: 31: 33.7 13: 27: 27.4 -47: 31: 33.2 0.41/0.43 ...
121 13: 25: 50.9 -47: 31: 38.9 13: 25: 48.9 -47: 31: 27.4 0.66/0.66 ...
108 13: 26: 46.6 -47: 31: 40.5 13: 26: 46.5 -47: 31: 44.4 1.25/0.70 ...
36 13: 26: 50.8 -47: 31: 47.5 13: 26: 51.1 -47: 31: 45.8 0.27/0.28 ...
114 13: 27: 14.9 -47: 31: 50.0 13: 27: 14.7 -47: 31: 49.6 1.09/0.46 ...
74 13: 27: 21.7 -47: 32: 07.3 13: 27: 21.5 -47: 32: 05.9 1.20/0.40 ...
35 13: 26: 49.6 -47: 31: 53.2 13: 26: 49.5 -47: 31: 47.8 1.22/0.46 ...
57 13: 26: 49.6 -47: 32: 13.4 13: 26: 49.5 -47: 32: 13.6 0.43/0.15 ...
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Table 3. Continued
Source RA Dec Chandra Chandra Position Previous
ID RA Dec error (′′) ID
h m s ◦ ′ ′′ h m s ◦ ′ ′′ (RA/Dec)
8 13: 26: 25.1 -47: 32: 28.7 13: 26: 25.1 -47: 32: 28.3 0.229/0.20 10
16 13: 26: 43.9 -47: 32: 31.0 13: 26: 44.1 -47: 32: 32.3 0.315/0.23 ...
11 13: 27: 11.9 -47: 32: 41.4 13: 27: 11.7 -47: 32: 41.6 0.249/0.22 ...
21 13: 25: 57.2 -47: 32: 51.6 13: 25: 57.2 -47: 32: 50.8 0.373/0.38 ...
1 13: 26: 01.5 -47: 33: 07.4 13: 26: 01.5 -47: 33: 06.3 0.164/0.15 11
34 13: 27: 10.0 -47: 33: 21.8 13: 27: 10.0 -47: 33: 21.8 0.568/0.34 ...
14 13: 28: 09.1 -47: 33: 27.0 ... ... ... 12
25 13: 26: 11.5 -47: 34: 04.2 13: 26: 11.5 -47: 34: 03.4 0.401/0.34 ...
40 13: 26: 26.9 -47: 34: 09.1 13: 26: 26.7 -47: 34: 09.5 0.794/0.45 ...
22 13: 26: 13.6 -47: 34: 43.2 13: 26: 13.6 -47: 34: 41.5 0.561/0.44 ...
30 13: 26: 27.4 -47: 34: 54.9 13: 26: 27.6 -47: 34: 56.9 0.361/0.29 ...
23 13: 27: 12.7 -47: 34: 56.4 13: 27: 12.9 -47: 34: 57.1 0.324/0.19 ...
52 13: 26: 59.2 -47: 34: 59.0 13: 26: 59.3 -47: 34: 58.2 0.744/0.48 ...
45 13: 26: 39.1 -47: 36: 33.5 13: 26: 39.2 -47: 36: 32.3 0.727/0.46 ...
10 13: 26: 11.4 -47: 37: 11.3 ... ... ... 13
113 13: 27: 00.3 -47: 37: 15.2 13: 27: 00.4 -47: 37: 15.2 0.998/0.64 ...
NOTE - We have indicated in this table only the sources correlated with other X-ray observations. There are three OGLEGC
sources which are associated with X-ray sources (OGLEGC 15 and 22 with two Chandra sources, OGLEGC 30 with XMM-
Newton source 29). Their positions from Kaluzny et al. (1996) are :
OGLEGC15 13h 26m 47.42s -47◦ 36′ 00.4′′
OGLEGC22 13h 26m 08.33s -47◦ 30′ 33.0′′
OGLEGC30 13h 26m 53.33s -47◦ 18′ 22.9′′
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Table 4. Sources for which a flux variation of a factor
two or higher has been detected between the Chandra
and XMM-Newton observations. The source list is declina-
tion sorted, as in Table 1 and 2. The unabsorbed Chandra
and XMM-Newton fluxes are computed from the detected
count rates using a 0.6 keV blackbody spectral model and
are given in units of 10−15 ergs s−1 cm−2.
Source XMM Chandra Half mass
ID flux flux radius
source
73 7.1 3.3 No
32 12.6 67.2 No
39 14.2 5.3 No
18 25.1 11.2 No
49 4.0 15.0 Yes
24 14.7 4.8 Yes
47 7.7 2.3 No
13 11.0 35.6 No
117 4.0 1.2 No
9 40.0 13.7 Yes
108 4.3 2.0 Yes
8 57.4 20.7 No
23 21.1 43.3 No
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Table 5. Best fit spectral parameters for the brightest sources of the field of view. We have selected those sources
which have more than 100 net counts in EPIC-PN and limited our analysis to the 16 sources within twice the half mass
radius. Simple models have been used: Power Law (PL), Blackbody (BB), Thermal Bremsstrahlung (TB). For source
3, which has an optical counterpart (Cool et al. 1995), we used a two temperature Raymond-Smith model (2T). The
model parameters are either the photon index or the temperature in keV. Whenever allowed by the statistics, we left
the NH as a free parameter of the fit. Otherwise it was frozen at the optical value (8.4× 10
20 cm−2). We used either
the χ2 or Cash statistics in the fit. The bolometric luminosity is computed between 0.5 and 10 keV and is given in
units of 1031 ergs s−1.
Source Best fit NH Model χ
2
ν
Degree of Bolometric
ID model (1020 cm−2) parameter freedom luminosity
1 BB 62+21
−21 1.2
+0.1
−0.1 1.08 55 191 ± 7
TB 167+31
−31 10.7
+11.1
−4.0 1.00 55 302 ± 11
PL 183+35
−35 1.7
+0.3
−0.3 1.03 55 339 ± 12
2 TB (8.4) 23.0+29.9
−10.1 0.72 31 67 ± 3
PL (8.4) 1.4+0.2
−0.2 0.68 31 72 ± 3
3 2T 30+11
−17 0.2
+0.1
−0.1 1.08 28 136 ± 7
0.9+0.1
−0.2
5 TB (8.4) 18.7+65.2
−10.0 0.78 17 27 ± 2
PL (8.4) 1.4+0.2
−0.2 0.80 31 30 ± 2
6 TB (8.4) 4.5+4.7
−1.9 0.83 17 27 ± 3
PL (8.4) 1.7+0.3
−0.3 0.81 17 32 ± 3
8 TB (8.4) 5.8+7.2
−2.5 0.98 19 28 ± 2
PL (8.4) 1.7+0.3
−0.3 0.81 19 32 ± 3
9 TB 21+16
−16 4.4
+6.3
−2.1 0.58 10 23 ± 3
TB (8.4) 8.3+17.0
−3.9 0.79 11 23 ± 3
PL 31+24
−13 2.0 ± 0.6 0.51 10 29 ± 4
PL (8.4) 1.5+0.2
−0.2 0.96 11 29 ± 4
12 BB (8.4) 0.3+0.1
−0.1 1.54 9 5 ± 1
TB (8.4) 1.2+1.7
−0.6 1.22 9 7 ± 2
PL (8.4) 2.4+0.6
−0.6 1.10 9 9 ± 2
15 PL (8.4) 1.0+0.5
−0.5 0.42 6 21 ± 4
18 TB (8.4) 3.7+11.0
−2.1 1.12 5 10 ± 2
PL (8.4) 1.8+0.5
−0.5 1.01 5 12 ± 2
Source Best fit NH Model C statistic Number of Bolometric
ID model (1020 cm−2) parameter PHA bins luminosity
11 TB (8.4) 3.2+7.7
−3.2 C 8.29 11 8 ± 2
PL (8.4) 1.9+0.7
−0.7 C 8.96 11 10 ± 2
13 PL (8.4) 0.9+0.3
−0.3 C 1.16 8 33 ± 5
20 BB (8.4) 0.6+0.2
−0.2 C 16.37 11 6 ± 2
TB 52+70
−40 2.0
+4.2
−1.3 C 16.70 11 9 ± 2
22 PL (8.4) 1.6+0.4
−0.4 C 9.18 11 12 ± 2
23 TB (8.4) 0.7+1.1
−0.4 C 12.58 10 5 ± 2
PL (8.4) 2.8+0.9
−0.9 C 12.77 10 6 ± 2
24, high state PL (8.4) 1.2+0.4
−0.4 C 16.2 14 18 ± 2
low state PL (8.4) 1.7+1.4
−1.4 C 10.2 11 4 ± 2
25 TB (8.4) 1.4+5.6
−0.8 C 2.50 5 6 ± 2
PL (8.4) 2.2+0.8
−0.8 C 1.81 5 8 ± 2
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Table 6. Spectral fit parameters of the quiescent neutron star binary candidate source 4, using the spectra of the
EPIC-PN and EPIC-MOS cameras. The model used was a pure hydrogen neutron star atmosphere model (Pavlov et
al. 1992; Zavlin et al. 1996). Parameters between parenthesis were frozen during the fit. The errors are also given at
the 90 % confidence level. A mass of 1.4M⊙ was assumed for the neutron star. The luminosities are given in units of
1032 ergs s−1. Parameters obtained by Rutledge et al. (2002) are also listed.
Radius Temp. Distance NH χ
2
ν
0.1-5.0 keV Reference
R∞ (km) Teff,∞ (eV) (kpc) (10
20 cm−2) luminosity
14.3 ± 2.1 66+4
−5 (5) (9) ... 5± 2 Rutledge et al. (2002)
13.6 ± 0.3 67+2
−2 (5.3) 9.0 ± 2.5 1.00 3.2 ± 0.2 This work
